Introduction
We describe rigid intramedullary nailing using a trochanteric entry for internal fixation of femoral shaft fractures in older children and adolescents.
Femoral shaft fractures are a common injury among children and adolescents. A variety of treatment options exist to address this injury. Flexible intramedullary nailing may be the ideal treatment for stable fractures in children between the ages of five and ten years who weigh <100 lb (<45 kg). However, older and larger children have higher rates of complications with this technique, including excessive limb shortening, unacceptable angulation, and loss of fixation 1 . Other options include traction and spica cast application, external fixation, or plate fixation, although there are disadvantages with these alternatives in older and larger patients. Rigid intramedullary nailing, the standard treatment of femoral shaft fractures in adults, has good results in older children and adolescents [2] [3] [4] [5] [6] [7] . Rigid intramedullary nailing has multiple advantages, including decreased length of hospital stay, earlier mobilization, shortened rehabilitation, and overall decreased cost of hospitalization. Other potential advantages include a decreased rate of delayed union, malunion, rotational deformity, and refracture [8] [9] [10] .
A few concerns exist with the use of rigid intramedullary nailing of femoral fractures in skeletally immature patients. A major concern is the risk of proximal femoral osteonecrosis. There have been multiple reports of femoral head osteonecrosis associated with piriformis entry femoral nailing [11] [12] [13] [14] [15] [16] [17] . This severe complication can lead to sequelae, including limb length inequality, stiffness, chronic pain, and debilitating arthritis. Femoral head osteonecrosis associated with piriformis entry nailing is thought to arise from injury to the ascending branch of the medial femoral circumflex artery, which is in close proximity to the piriformis fossa 15 . Trochanteric entry femoral nailing is an alternative that minimizes the risk of this severe complication by avoiding the pericapsular vasculature. We know of only two reported cases of osteonecrosis with this technique in the orthopaedic literature 18, 19 .
An additional concern with the use of trochanteric entry nailing in skeletally immature patients is the risk of proximal femoral growth disturbance related to the implant crossing the trochanteric apophysis. While radiographic changes in proximal femoral anatomy have been noted in multiple patients, it is unclear whether these changes have any functional consequence or clinical importance 2, 3, 20 .
In our original study 21 , a retrospective review was conducted to assess the complications and outcomes of trochanteric entry rigid intramedullary nailing among pediatric patients. On the basis of our results, trochanteric entry rigid intramedullary nailing is a safe and effective method for internal fixation of femoral shaft fractures in older children and adolescents (Video 1). The details of the technique for insertion of a proximally angulated femoral nail via a trochanteric entry portal are described below.
Step 1: Preparation Prior to Incision
Appropriate preparation prior to the operation is key to minimizing intraoperative and postoperative complications.
• Ensure that there has been adequate workup for other injuries prior to operative fixation. Specifically, examine the femoral neck on radiographs and computed tomography scan, if available, for an ipsilateral femoral neck fracture (Figs. 1-A, 1-B, and 1-C). • Ensure adequate resuscitation and hemodynamic stability of the patient preoperatively. Successful resuscitation is suggested by normalization of vital signs, including blood pressure, heart rate, and urine output (0.5 mL/kg/h). However, despite normalization of vital signs, compensated shock may exist in severely traumatized patients with inadequate tissue oxygenation as evidenced by persistent metabolic acidosis 22 . Elevated serum lactate (normal, 0.5 to 2.2 mmol/L) and/or arterial base deficit (normal, 2 mmol/L) may indicate a hypoperfusion state and the need for further resuscitation. Studies of pediatric and adult trauma patients have noted that a greater delay in normalization of these markers is associated with increased morbidity and mortality [22] [23] [24] [25] . • When planning the procedure, ensure that a trochanteric entry femoral nail system is available with an adequate inventory of nails (length, diameter, and laterality) and that appropriate instruments for insertion are available in the operating room at the time of the procedure.
Reconfirm that the appropriate implants and instrumentation are available, prior to incision. • If conducting multiple procedures or if prolonged operative time is anticipated (three hours or greater), consider Foley urinary catheter placement. • The patient may be positioned on either a radiolucent table or a fracture table on the basis of surgeon preference. • If a radiolucent table is used, place the patient in the supine position with a bump underneath the pelvis on the involved side to elevate the greater trochanter. When it is practical to do so, carefully place a lead barrier shield between the genitalia and the radiation-emitting portion of the C-arm while taking care not to block the femoral head view. • After positioning the patient on the operative table, compare the anteversion and femoral rotation of the contralateral limb with that of the injured extremity with the following technique to avoid malrotation. The C-arm fluoroscopy unit is temporarily positioned on the side ipsilateral to the fracture. Anteversion of the contralateral femur is determined radiographically by obtaining a perfect lateral image of the knee (Figs. 2-A and 2-B), holding the limb stationary and then moving the C-arm proximally to obtain a perfect lateral image of the hip (Figs. 2-C and 2-D) 26 . The anteversion is the angle subtended by the two lines of the x-ray beam for the C-arm positions for the two perfect lateral images of the hip and knee. Note that the uninjured limb may need to be held stationary in an externally rotated position to facilitate obtaining these two images. • Alternatively, femoral rotation may be assessed after nail interlocking, confirming symmetry to the contralateral side. This is facilitated with use of the radiolucent table instead of a fracture table with boot traction. • If a fracture table is used, reduction prior to preparing and draping the involved extremity may be attempted and compared with the contralateral extremity to ensure proper rotation and length ( Fig. 3 ). • Position and operate the C-arm from the contralateral side of the injured extremity. If a fracture table is used, the legs are scissored by extending the contralateral hip to facilitate imaging of the injured limb. The contralateral leg is carefully padded and secured to a table extension.
The ipsilateral foot and ankle are padded and secured in boot traction ( Fig. 4 ). • Position the ipsilateral arm over the chest to maximize access to the peritrochanteric region.
Position and secure the contralateral arm on an arm board. Do not wrap both arms together by swaddling them with a sheet as it allows patients to roll and thereby increases the risk of falling from the fracture table ( Fig. 5 ). • Prepare and drape the injured extremity using sterile technique. Be sure to drape wide enough proximally to permit access to the peritrochanteric region and distally to allow for interlocking screw placement. A shower curtain drape may be utilized; however, circumferential access to the thigh may be useful during reduction maneuvers ( Fig. 6 ). • Administer cefazolin (25 mg/kg) prior to incision.
If the patient is allergic, clindamycin (10 mg/kg) is preferable to vancomycin.
Step 2: Perform Incision and Exposure
A well-positioned incision will facilitate and reduce difficulty with ideal guidewire placement.
• Make a 4 to 6-cm incision proximal to the greater trochanter in line with the femoral shaft. The proximity of the incision to the greater trochanter varies with the body habitus of the patient. More obese patients have more proximal and larger incisions, whereas thinner patients have smaller incisions closer to the greater trochanter ( Fig.  7 ). It is mandatory to avoid the piriformis fossa with all dissection and guide pins because of the risk of damaging the blood supply to the femoral head and subsequent osteonecrosis; temporary errant guide pins placed into the piriformis fossa may have devastating long-term consequences. • Carry the dissection through the subcutaneous tissue using either a blade or electrocautery. • Incise the gluteal fascia and bluntly split the gluteus medius muscle to identify the greater trochanter ( Fig. 8 ).
Step 3: Place and Overream the Guide Pin
Ensure that the guide pin is properly positioned on the greater trochanter, while avoiding the piriformis fossa.
• Palpate the greater trochanter and place the tip of the guide pin on the lateral portion of the trochanteric tip. • Avoid the piriformis fossa with all guide pins and instrumentation. • Confirm pin position with fluoroscopy in both the anteroposterior and lateral planes. • On the anteroposterior plane, the guide pin should be offset 10° to 15° from the axis of the femoral shaft, accommodating the proximal nail geometry. On the lateral plane, the guide pin should be centered in line with the femoral canal (Figs. 9-A and 9-B). • Place the entry reamer over the guide pin onto the lateral aspect of the greater trochanter. The width of the reamer over the guide pin should be assessed with fluoroscopy to confirm that the reamer will not violate the wall of the piriformis fossa. Otherwise, the guide pin should be repositioned more laterally ( Fig. 10 ). • Overream the guide pin up to the level of the lesser trochanter ( Fig. 11 ). • Remove both the guide pin and reamer.
Step 4: Place the Guidewire and Reduce the Fracture Prepare the definitive guidewire. Insert the guidewire into the proximal fragment via the trochanteric portal. While maintaining the fracture reduction, advance the guidewire into the distal fragment.
• Place a small bend into the guidewire to assist with directing the wire down the intramedullary canal (Figs. 12-A, 12-B, and 12-C). • Place the tip of the guidewire into the greater trochanter and advance it distally along the intramedullary canal just proximal to the fracture site. • Use fluoroscopy to ensure adequate reduction prior to advancing the guidewire past the fracture site. • A wide variety of reduction techniques or instruments can be used on the basis of a surgeon's preference. A fracture table provides traction. If a radiolucent table is used, additional assistance will be required. Other aids to reduction include the F-tool reduction instrument, the intramedullary reduction instrument, a temporary Schanz pin, and/or a ball spike ( Fig. 13 ). • In rare instances, open reduction may be needed if a closed reduction cannot be obtained.
This may be performed through a lateral subvastus approach. • After fracture reduction, pass the guidewire into the distal fragment. The wire is then centered in the distal femoral metaphysis 1.0 to 1.5 cm proximal to the distal femoral physis. Confirm the wire position in the distal fragment with fluoroscopy (Figs. 14-A, 14-B, and 14-C).
Step 5: Measure Nail Length and Begin Overreaming
Pay careful attention to the amount of reaming as well as distraction across the fracture site to provide the best fit for the nail.
• Measure the appropriate length of the nail on anteroposterior imaging using either instrumentation provided by the implant manufacturer or an equal length guidewire. Consider reducing traction to avoid overestimating nail length and to prevent nail insertion in a distracted position ( Fig. 15 ). • With the guidewire in place, ream no closer than 1.5 cm proximal to the distal femoral physis. Take care to avoid injuring the peritrochanteric soft tissues during the reaming process by utilizing a soft-tissue protector (Fig. 16 ). • Begin with the smallest diameter end-cutting reamer and then sequentially ream to larger diameters in increments of 0.5 to 1.0 mm. Continue to ream with increasing diameters until an appropriate level of resistance is met for best nail fit based on "chatter" of the reamer striking the endosteal cortex and on preoperative templating. Overream 1.0 to 1.5 mm greater than the anticipated nail diameter (Fig. 17 ). • Select the appropriate nail diameter, length, and laterality. • Additional reaming proximally may be necessary if the entry reamer was not 1.0 to 1.5 mm greater than the proximal geometry of the nail that has been selected ( Figs. 18-A and 18-B ).
Step 6: Insert the Nail Be sure to maintain the reduction while advancing the nail across the fracture site. Reconfirm that traction has been reduced to avoid distraction at the fracture site.
• Attach the nail to the guide system. Confirm that the guide allows the proper trajectory to the proximal interlocking holes with the drill (Fig.  19 ). • Insert the nail over the guidewire into the proximal part of the femur. Temporarily rotating the nail so that the apex of the anterior bow of the nail faces medially can ease the insertion of the nail into the proximal part of the femur (Fig. 20) . • Advance the nail carefully through the intramedullary canal; do not mallet directly against the guide. • The guidewire may be removed once the nail crosses the fracture and provides adequate stability ( Fig. 21 ).
Step 7: Insert Proximal and Distal Interlocks
Use the interlocking screws to secure the proper rotational alignment.
• Ensure that the guide is properly oriented along the shaft of the femur, accounting for anteversion of the proximal interlocks that may be incorporated into the nail design. Insert the proximal interlocking screw(s) using the guide (Fig. 22 ). • Do not remove the guide until the distal interlocks are placed. • Confirm that the anteversion of the femur is symmetric to the contralateral side by obtaining a perfect fluoroscopic lateral image of the hip and knee (Figs. 23-A through 23-D). Calculate the anteversion by measuring the angle created between the x-ray beam at the hip and the knee. If the anteversion is incorrect, indicating rotational malposition, hold the proximal segment stationary with the guide and rotate the distal fragment to restore proper anteversion. Reconfirm that the anteversion is correct with the above fluoroscopic technique. • After achieving symmetric anteversion, place the distal interlocking screws using the freehand, perfect circle technique (Figs. 24-A and 24-B). • After placing the distal interlocking screws, remove the guide.
Step 8: Make Final Images and Close the Wound
Confirm the reduction and adequate fixation before closure.
• Confirm adequate fluoroscopic images of the implants and reduction before wound closure.
Confirm that interlocking screws are engaging the nail. • Irrigate the wounds using normal saline solution and control any bleeding with electrocautery. • Close the gluteal fascia and then proceed with deep dermal and subcuticular closure. • Following wound closure, inject local anesthetic and then apply soft dressings (Fig. 25 ).
• After taking down the sterile drapes, assess and confirm a symmetric clinical rotational profile of both femora (Figs. 26-A and 26-B ). • Make permanent radiographs with the patient under anesthesia if there is any concern about an iatrogenic femoral neck fracture ( Figs. 27-A,  27 -B, and 27-C).
Results
In our original study 21 , a cohort of 246 femoral shaft fractures among 241 skeletally immature patients treated with trochanteric entry rigid intramedullary nailing was retrospectively reviewed. The mean age was 12.9 years (range, eight to seventeen years). Among this group, no patient had osteonecrosis, and two patients had asymptomatic proximal femoral growth disturbance manifested as coxa valga. Other complications included asymptomatic Brooker class-I heterotopic ossification 27 (eleven patients), delayed union requiring dynamization (three), malunion with >10° of deformity (three), interlocking screw migration requiring removal (three), deep infection (one), and malrotation requiring reoperation (one patient). Telephone interviews were conducted with thirtynine patients at a mean of 6.9 years after injury. The average Nonarthritic Hip Score (NAHS) was 92.4 points, with 67% of the patients reporting activity in sports or running and 100% stating satisfaction with their treatment. At the time of final follow-up, only 1.7% (four) of 241 patients reported pain. However, residual pain was noted in a substantial proportion of patients in the activities assessed by the NAHS.
Our experience demonstrates that trochanteric rigid intramedullary nailing has a low risk of osteonecrosis and proximal femoral growth disturbance. It is a safe and reliable method for internal fixation of femoral shaft fractures in skeletally immature patients and has a relatively low complication rate. Residual pain at longer-term follow-up is more common than was noted at the routine final clinical assessment. This finding suggests the need for longitudinal studies to determine factors associated with residual pain after rigid intramedullary nailing of a femoral shaft fracture.
What to Watch For

Indications
• Older children and adolescents (ten years of age or older) with a diaphyseal femoral fracture.
Contraindications
• Younger age or smaller children (<100 lb [<45 kg]) for whom other fixation options may be more appropriate.
• Proximal or distal fractures for which adequate fixation will not be achieved with rigid intramedullary nailing. • Infection or substantial soft-tissue injury surrounding the desired incision site. • Hemodynamic instability or severe pulmonary compromise.
Pitfalls & Challenges
• Avoidance of hemodynamic instability associated with multisystem trauma either preoperatively or intraoperatively. Patients require comprehensive preoperative evaluation and management of potential associated injuries. Adequate resuscitation is essential prior to operative fixation of the femoral shaft fracture. • Management of intraoperative hemodynamic instability or severe pulmonary compromise. If this arises, a plan needs to be ready for emergency implementation. Management may include rapid placement of an external fixator versus abandoning fixation in favor of temporary skin or skeletal traction, swiftly closing and bandaging wounds, consultation with medical or surgical services as necessary, and transportation for further imaging and/or intensive care. 
Clinical Comments
• Our algorithm for femoral shaft fracture management is as follows. For patients who are under five years old, use closed reduction and casting; for patients from five to nine years old, use flexible nailing when the fracture is stable and use submuscular plating or flexible nailing supplemented with casting when the fracture is unstable; and for patients who are ten years and older, rigid intramedullary nailing is considered on the basis of factors that favor rigid fixation, including advanced physiologic maturity, larger size (a weight of >100 lb [>45 kg]), length unstable fractures (oblique, segmental, or comminuted), or fracture locations that preclude other fixation methods (proximal or distal fractures). • Early in our experience, younger children (7.5 to nine years old) were treated with trochanteric entry rigid intramedullary nailing. One of the two patients with proximal femoral growth disturbance (coxa valga) was observed in this age range. Currently, we do not use rigid intramedullary nailing in patients under ten years old because of growth concerns and the reliability of alternative fixation techniques. • Prevention of osteonecrosis is critical. This can be avoided with careful attention to placement of the lateral trochanteric entry point. • Residual pain related to the proximal and/or distal interlocking screws is common. If symptomatic, the interlocking screws are removed after the fracture has healed. The intramedullary nail is usually retained because of the extent of dissection required for removal.
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Fig. 7
The trochanteric region and the intended incision are outlined. The ipsilateral arm is positioned over the chest, and the contralateral arm is positioned and secured on an arm board.
Fig. 6
Preparing and draping is performed to provide access to the proximal trochanteric region, thigh, and knee.
Figs. 9-A and 9-B
The guide pin is positioned to avoid the piriformis fossa. Fig. 9 -A The anteroposterior image demonstrates that the guide pin is lateralized to avoid violating the piriformis fossa and is offset 10° to 15° from the femoral shaft axis. Fig. 9-B The lateral image demonstrates that the pin is in line with the femoral shaft. The entry reamer is driven to the level of the lesser trochanter.
Fig. 13
A variety of reduction instruments are demonstrated: reduction F-tool ( Fig. 13-A) , intramedullary reducer ( Fig.  13-B ), Schanz pin with T-handle chuck ( Fig. 13-C) , and ball spike ( Fig. 13-D) . 2014 Figs. 14-B and 14-C The wire is then centered in the distal metaphysis 1.0 to 1.5 cm proximal to the physis.
Fig. 16
Reaming is performed utilizing a soft-tissue guide to protect the peritrochanteric soft tissue.
Fig. 17
Sequential reaming proceeds until adequate chatter is achieved in the isthmus.
Fig. 15
The guidewire is measured to determine nail length. 
Figs. 18-A and 18-B
Additional proximal reaming is performed to allow 1.0 to 1.5 mm of clearance greater than the proximal diameter of the nail selected. Fig. 18 -A Entry of the reamer. Fig. 18-B Maximum advancement of the reamer. The entry reamer may provide sufficient reaming for the smaller nails.
Fig. 19
The proximal interlocking guide is checked to verify that the drill passes easily through the nail.
Fig. 20
The anterior bow of the nail is rotated apex medial to facilitate early passage of the nail in the proximal part of the femur.
Fig. 21
The guidewire may be removed once the nail has advanced a sufficient distance into the distal fragment.
Fig. 22
Placement of the proximal interlocking screw. 
Figs. 24-A and 24-B
The distal interlocks are placed and then confirmed with anteroposterior ( Fig. 24-A) and lateral ( Fig.  24-B ) fluoroscopic images. (Fig. 27-A) and anteroposterior and lateral radiographs of the femur (Figs. 27-B and 27-C) , may also be indicated prior to awakening to evaluate for femoral neck fracture and to confirm adequate alignment. 2014, 4(4):e19 Fig. 26 -B Fig. 26-A   Figs. 26-A and 26-B After the drapes are taken down, symmetric clinical rotation ( Fig. 26-A) and supine resting position of the limbs (Fig. 26-B) are confirmed on examination with the patient under anesthesia prior to awakening.
